The reaction mechanism of SiF2 radical with HNCO has been investigated by the B3LYP method of density functional theory(DFT), while the geometries and harmonic vibration frequencies of reactants, intermediates, transition states and products have been calculated at the B3LYP/6-311++G** level. To obtain more precise energy result, stationary point energies were calculated at the CCSD(T)/6-311++G**//B3LYP/6-311++G** level. SiF2+HNCO→IM3→TS5→IM4→TS6→OSiF2CNH(P3) was the main channel with low potential energy, OSiF2CNH was the main product. The analyses for the combining interaction between SiF2 radical and HNCO with the atom-in-molecules theory (AIM) have been performed.
Introduction
Isocyanic acid, HCNO, a major thermal decomposition product of cyanuric acid, is an important in NO x pollutant emissions from fossil-fuel combustion. [1] [2] [3] In recent years, many experimental investigations on HNCO have been performed. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Some studies have reported the photolysis reactions [4] [5] [6] [7] [8] and the polymerization pathways of HNCO.
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Theoretical study of the reaction mechanism for small molecules with HNCO is a hot topic. [10] [11] [12] [13] [14] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Liu et al. 30 have report the reaction between HNCO and CX (X=F, Cl, Br) free radicals. The renewed public interest of the CF 2 radical as the intermediate of many fluorocarbon combination reactions is continuing. Li et al. 31 have report the quantum chemical and topological study on the C-C bond insertion and cycloaddition reaction mechanism of CX 2 . Apparently, the correlative reactions about HNCO are very important. As important intermediates of many silicon fluoride reactions, it is important theoretical and practical significance to research silicon fluorine radical. In this report, we use the density functional theory (DFT) to explore the reaction mechanism of SiF 2 radical with HNCO, we hope our work provide some valuable fundamental insights into HNCO and SiF 2 radical.
Calculation Methods
All calculations have been performed with the Gaussian03 package.
32 Geometry optimization at the DFT-B3LYP/6-311++G** level [33] [34] [35] [36] is used to obtain geometries of reactants, intermediates, transition states and products. The harmonic vibration frequencies are also obtained at the corresponding level to characterize the stationary points as local minima or first-order saddle points. The intrinsic reaction coordinate (IRC) calculation is used to track minimum energy paths from transition structures to the corresponding local minima.
To obtain more precise energy result, stationary point energies are calculated at the CCSD(T)/6-311++G**//B3LYP/6-311++G** level of theory.
Results and Discussion
Calculations show that the ground state of SiF 2 radical is the singlet state, its energy is lower than the triplet 269.6 kJ/ mol, so only the reaction of SiF 2 radicals with isocyanic acid on singlet is discussed in this article. The NBO calculation results show that precursor complex IM1 and IM6 form when the SiF 2 radical approaches HNCO through interaction of an empty p orbital of Si atom with lone pair electrons of N atom. C-N bond is weakened, then NH abstraction reaction starts. In IM3, C-O bond is weakened because lone pair of electrons of O atom and σ * (C-O) in HNCO interact with empty p orbital of Si atom in SiF 2 radical. O atom abstraction reaction is occurred from IM3 and IM9. In IM5, N-H bond is weakened because σ * (C-N) in HNCO interacts with empty p orbital of Si atom in SiF 2 radical, then absorption H reaction is occurred from IM6. Therefore, the reaction of SiF 2 radical with HNCO is complicated and multichannel.
O-atom Abstraction Channel. We can see from Figure 1 , the Si atom combines with C and O atom of IM3 to form an stable three-membered ringy intermediate IM4 through transition state TS4, TS5 respectively, the formation of the Si-C bond leads to the weakness of O-C bond. IM3 through TS4 formatting IM4, the O-C bond length increases from 0.1304 nm to 0.1448 nm. As displayed in Table 1 , the charge density (ρ(r)) of the O-C bonding critical points (BCP) decreases gradually from 0.4459 to 0.2483, which signifies the bond strength gradually weaken. The value of (r) is gradually reduced as the reaction proceeds, which indicates the covalency of the O-C bond is more stronger. IM3 through the transition state TS5 formatting IM4, the O-C bond length increases from 0.1249 nm to 0.1448 nm, and it As shown in Figure 2 , the IM3 forms IM4 through TS4 with energy barrier of 266.9 kJ/mol and through TS5 with energy barrier of 47.0 kJ/mol. Obviously, the process of IM3→TS5→IM4 is easy to occur and it is advantageous in the kinetics. IM4 changes into P3 through TS6 with energy barrier of 22.7 kJ/mol. This step is favorable kinetically. The whole reaction is exothermic 76.6 kJ/mol, which is thermodynamically favorable too. Therefore, O atom abstraction through TS5 channel is the major reaction channel.
As displayed in Figure 2 , the SiF 2 radical collides with HNCO to generate reactant intermediate IM9, which is barrier-free exothermic process of 60.6 kJ/mol. IM9 through transition state TS10 to form a stable four-membered ring intermediate IM7 with energy of 110.3 kJ/mol. The intermediate IM8 forms P3 through a transition state TS11 with energy of 118.5 kJ/mol. We can see from Figure 1 , the Si-N bond length decreases from 0.2537 nm in IM9 to 0.1887 nm in TS10 to 0.1730 nm in IM7, the bond is to be formed, but it increases from 0.2033 nm in TS11 to 0.3109 nm in P3, clearly, the Si-N bond is to cleave. The Si -O bond length decreases from 0.4830 nm in IM9 to 0.2422 nm in TS10 to 0.1684 nm in IM7 to 0.1527 nm in TS11 to 0.1529 nm in P3. then the Si-O bond is to be formed. Compared with the pathway above, this two-step reaction barrier is higher. Therefore, O-atom abstraction through four-membered ring channel is the minor reaction pathway.
NH Abstraction Channel. HNCO collides with the SiF 2 radical to form an intermediate IM1, the energy decreases by 61.6 kJ/mol. The C atom combines with Si atom of IM1 to form an stable three-membered ring intermediate IM2 through a transition state TS1, the potential energy is 71.0 kJ/mol. After that, IM2 forms an product 1(SiF 2 NHCO)(P1) through a transition state TS2, the bond length of C-N increases from 0.1222 nm in IM1 to 0.1275 nm in TS1 to 0.1398 nm in IM2 to 0.1958 nm in TS2, clearly, the C-N bond is to cleave. But N-Si bond length decreases from 0.2531 nm in IM1 to 0.1963 nm in TS1 to 0.1714 nm in IM2 to 0.1613 nm in TS2 to 0.1581 nm in P1, clearly, the C-Si bond is to be formed. As can be seen in support information, the entire reaction process, the ρ(r) of N-Si bonding critical points (BCP) is gradually increased from 0.0289 in IM1 to 0.1682 in P1, which indicates that the bond strength is gradually enhanced until the bond generates. The (r) is gradually increased, which indicates the ionicity of N-Si bond is enhanced. the ρ(r) of C-N bonding critical points (BCP) is gradually reduced from 0.4186 to 0.2266, which indicates that the bond strength is weakened, until the C-N bond rupture in P1. The (r) gradually increases from negative to positive, the ionicity of C-N bond is dominated and strengthened gradually, which illustrates the process of broken bond vividly, finally the P1 is formed. IM1 can form P1 through transition state TS3 with energy barrier of 162.0 kJ/mol too. On TS3, the Si-N bond length is shorter about 0.0840 nm and the N-C bond is longer about 0.0369 nm than IM3. Finally, the N-C bond dissociates to the P1. The ρ(r) of Si-N bonding critical points (BCP) gradually increased in the whole reaction, but the C-N bond is the opposite, which show vividly the process of the C-N bond cleavage and NH migration to the Si atom. The potential energy of the two pathways above are higher than O atom abstraction through TS5 pathway. Consequently, two reaction channels above are not the main reaction channel.
The formation of intermediate IM6 is barrier-free exothermic process of 54.2 kJ/mol. IM6 through transition state TS8 forms a stable four-membered ring intermediate IM7 with energy of 132.4 kJ/mol. Subsequently, IM7 dissociates to IM8 through transition state TS9. IM8 decomposes into SiF 2 NH and CO (product 2) (P2) with energy of 143.9 kJ/ mol. The Si-N bond length decreases from 0.4593 nm in IM6 to 0.1522 nm in P2, but the C-O bond length increases from 0.1203 nm in IM9 to 0.4748 nm in IM8. Clearly, the Si-N bond is to be formed, the C-N bond is to cleave. The potential energy of this two-step reaction is high and the reaction is endothermic. No matter in the dynamics and thermodynamics, the reaction is unfavorable. Therefore, the channel of NH abstraction through four-membered ring is the minor reaction pathway.
Absorption H Channel. HNCO collides with the SiF 2 radical to form the intermediate IM5, then IM5 forms the product 4(HSiF 2 OCN)(P4) through transition state TS7. As shown in Figure 1 , The bond length of Si-O and Si-H decrease to 0.2066 nm and 0.1886 nm from IM5 to TS7, to 0.1675 nm and 0.1458 nm from TS7 to P4 respectively. Clearly, the Si-O and Si-H bond are to be form, absorption H reaction is performed. Table 1 lists, the ρ(r) of Si -O and Si-H bonding critical points (BCP) is gradually increased, which indicate that two bonds strength are enhanced, until two bonds generate. the (r) of Si-H bond gradually increases from negative to positive, the ionicity nature of the bond strengthen, the ovality is gradually reduced to 0.0074, which signifies the Si-H bond is an typical σ bond.
As shown in Figure 2 , the process of the IM5 changing into P4 through TS7 with energy barrier of 156.4 kJ/mol is not easy to occur because the barrier is more higher. The reaction is exothermic 146.3 kJ/mol. Therefore, this pathway is not the main reaction pathway.
Conclusions
In this study, the B3LYP method of density functional theory is employed to study the reaction mechanism for SiF 2 radical with HNCO and seven feasible pathways are investigated in the singlet state. The changes of bond length and the low activation energy show all that the reaction pathways are feasible. Furthermore, the topological properties of the chemical bonds of various configurations verify these reaction pathways through AIM.
Comparing the activation energy of seven reaction pathways, it can be concluded that O atom abstraction through transition state TS5 channel is the energetically favorable to occur because the potential energy is the lowest and the reaction is exothermic. This theoretical study may be useful as a guide to future synthetic efforts and to problems that merit further study by both theory and experiment.
